Abstract ToxTrak™ method is an analytical tool for the measurement of toxicity of drinking water, wastewater and natural water. It is based upon the estimation of the inhibitive effect on bacterial respiration processes. The main aim of this work was to test the applicability of ToxTrak™ method in the assessment of wastewater toxicity in a full-scale WWTP in Poland. In order to achieve it, the study was divided into two parts. First, the validation of ToxTrak™ method was performed. Second, wastewater toxicity was monitored in the long-and short-term campaigns. Validation of ToxTrak™ method revealed that the indigenous biomass (mixed cultures of activated sludge microorganisms) was more sensitive than Escherichia coli for both materials (wastewater and phenol) tested. The values of degree of inhibition determined for phenol towards indigenous biomass and E. coli were close to each other, and no statistically significant difference between them was found. It confirmed the reliability of the results obtained with the help of ToxTrak™ test. The toxicity of the effluent was always lower than that of the influent and the linear correlation between them was found. Despite, the decrease of wastewater toxicity in the WWTP, the effluents were ranked as toxic or highly toxic according to the classification of wastewater based upon the acute toxicity.
Introduction
In the last decade, not only the removal of macropollutants but also that of micropollutants from wastewater was intensively investigated. Wastewater is a complicated matrix of compounds, some of them are present in very small amounts (below 1 mg l) and, what is more important, their presence does not influence on the values of such combined indicators of contamination as chemical oxygen demand (COD) . It suggests that the standard physicochemical determinations used for the characterisation of wastewater composition are not sufficient nowadays. Modern chromatographic methods coupled to mass spectrometry allow for the determination of the individual components of wastewater (i.e. selected pharmaceuticals, pesticides or detergents); however, they do not quantify the effect of wastewater on living organisms and do not assess the environmental risk. For this purpose, the application of toxicity tests is desirable. It is regarded that the evaluation of toxicity is necessary to complement the physicochemical measures of wastewater quality (Hernando et al. 2005; Libralato et al. 2010a) . Such holistic attempt is particularly important in the countries facing water scarcity, in which water reuse is widely implemented.
A variety of tests were used over the last years in order to estimate the toxicity of wastewater. The most common were Responsible editor: Philippe Garrigues * Ewa Liwarska-Bizukojc ewa.liwarska-bizukojc@p.lodz.pl bioluminescence tests with Vibrio fischeri and growth inhibition tests with Pseudomonas putida, the acute immobilization tests with Daphnia magna and algae growth inhibition tests (Hernando et al. 2005; Ra et al. 2007; Libralato et al. 2010b; Vasquez and Fatta-Kassinos 2013; Tobajas et al. 2015) . Also, other organisms like diatom Phaeodactylum tricornutum Bohlin (Libralato et al. 2016 ) and bivalve molluscs (Libralato et al. 2010a) were applied in order to evaluate wastewater toxicity and/or efficiency of wastewater treatment processes. It shows that wastewater toxicity was measured towards pure cultures of organisms representing different trophic levels, i.e. producers, consumers and decomposers. These tests were usually made in agreement with the OECD standard procedures or the ISO norms. In parallel, several classifications of wastewater toxicity were developed. They were described in detail elsewhere (Libralato et al. 2010b) . One of the most commonly used is the classification proposed by Persoone et al. (2003) , which distinguished five classes of wastewater toxicity dependent on the value of toxicity units (TU).
Literature review revealed that there was a lack of data concerning wastewater toxicity towards mixed cultures of organisms, while the mixed cultures are exposed to wastewater in biological treatment processes. Also the number of scientific papers presenting the variations of wastewater toxicity in the long-term period and/or seeking for the correlation between the physicochemical measures and toxicity is very limited (Ra et al. 2007; Yi et al. 2009; Vasquez and FattaKassinos 2013; Xiao et al. 2015) .
In this work, ToxTrak™ toxicity test using the indigenous biomass (mixed cultures) was a tool for the measurement of wastewater toxicity. The main aim of the study was to test the applicability of ToxTrak™ method in the assessment of wastewater toxicity in a full-scale WWTP.
In order to achieve this aim, the work was divided into two parts. First, the validation study for ToxTrak™ method was performed. Second, for better assessment of wastewater toxicity, its variability was monitored in the long-term and short-term campaigns. The second part of this work was also aimed at the evaluation of toxicity reduction and seeking for the correlations between physicochemical measures of wastewater composition and its toxicity.
Materials and methods

Description of the WWTP
The object of this study was the WWTP Zgierz (Poland) that generally treats municipal wastewater. The contribution of industrial wastewater usually varies from 7 to 15%. The average pollutant load to the plant corresponds to approximately 94,000 PE. The biological stage consists of one five-zone bioreactor and secondary clarifier run in the Phoredox process configuration. The total volume of bioreactor is 24,000 m 3 . The scheme of the biological system working in the WWTP Zgierz including the sampling points is depicted in Fig. 1 . Hydraulic retention time of wastewater in the WWTP studied was about 48 h; thus, the effluent (sampling point no. 2) was each time sampled with 2-day delay in order to relate it to the influent properly. The sampling dates presented in the figures and tables correspond with the date of the sampling of influent.
In . More detailed characteristics of the influent is presented in Table 1 . In the period of study, the levels of carbon, nitrogen and phosphorus removal from wastewater required by Polish legislation were achieved in this plant. There were no significant disturbances in the operation of the WWTP under study.
ToxTrak™ test
ToxTrak™ method was elaborated to be an analytical tool for the measurement of toxicity of drinking water, wastewater and natural water. The method is based on the reduction of resazurin, a redox-active dye, by bacterial respiration. When it is reduced, resazurin changes its colour from blue to pink. The presence of toxic substances in the sample decreases the rate of resazurin reduction, which can be measured colorimetrically. The endpoint of ToxTrak™ method is the inhibition of bacterial respirometric activity. The results of this test (toxicity scores) were expressed as the degree of inhibition (DI) in a percentage (%). In order to make them more universal and easier comparable to other toxicity data, the values of inhibition concentration (IC50) were determined by the linear regression between wastewater concentration (diluted samples of wastewater) and the degree of inhibition in a logarithmic coordinates system. Then, the toxicity units (TU) were calculated (Swedish EPA 1997; Libralato et al. 2010a; Vasquez and Fatta-Kassinos 2013) .
In this work, ToxTrak™ test was used to measure the toxicity of municipal wastewater from the WWTP Zgierz (Poland). Inoculum was basically the indigenous biomass taken from the second aeration chamber of the Zgierz WWTP ( Fig. 1 ) and prepared in agreement with the guidelines delivered by HACH Company. Absorbance was measured with the use of spectrophotometer DR 6000 at λ = 603 nm. The test was made in accordance with the guidelines for ToxTrak™ (Toxicity ToxTrak™ Method 10017, HACH LANGE Manual.
http://www.hach.com/toxtrak-toxicity-reagent-set-25-49-tests/ product-downloads?id=7640273469). Each sample was made in five replications. If necessary, additional replications were made in order to obtain reliable results.
Physicochemical analyses
Apart from toxicity, the physicochemical indicators of wastewater (influent and effluent) were also determined in agreement with the standard methods. These were pH, COD, BOD 5 , conductivity, ammonium and total nitrogen and total phosphorus (APHA-AWWA-WEF 2012). Their values for the influent are included in Table 1 .
Validation study
The application of any toxicity test in new conditions or for a new object requires the validation of the experimental procedure to evaluate its sensitivity and precision. Here, the validation of ToxTrak™ method comprised two stages (Fig. 2) . First, ToxTrak™ test was conducted with two different inocula, i.e. the indigenous biomass (mixed culture) from the WWTP Zgierz ( Fig. 1 ) and pure culture of Escherichia coli from the collection DSM 30083 (Fig. 2) . Activated sludge used in the tests was characterised by high biodiversity and its biotic index varied from 6 to 8 (Madoni 1994). Second, two types of tested materials were used. These were raw wastewater (influent) from the WWTP Zgierz and the solution of phenol. Phenol is recommended as the organic reference substance for testing of toxicity towards bacteria (NaleczJawecki et al. 2010; Microtox® Acute Toxicity Test 1998).
Monitoring of wastewater toxicity
The monitoring study was performed from August 2013 to August 2014 in the WWTP Zgierz (Fig. 2) . Toxicity of raw wastewater (influent) and treated wastewater (effluent) was determined ( Fig. 1) . The averaged diurnal samples of the influent and effluent were taken from the WWTP Zgierz under dry weather conditions and tested within 2 h.
Two types of the measurement campaigns, i.e. long and short term, were conducted. In the long-term campaign, toxicity was measured once a month over 13 months. During the short-term campaigns, the samples were taken three times a week. Each short-term campaign lasted 15 days and comprised seven samples. One short-term campaign was conducted in winter (January 2014) and the other one in summer (June and July 2014).
Data analysis
Toxicity score in ToxTrak™ method was expressed as the percent inhibition degree. In accordance with the guidelines of the test (Method 10017, HACH, Loveland, CO, USA), each sample was tested in five replications. The results of tests ) and Pearson's coefficients were used in order to find the correlation between toxicity and physicochemical indicators of wastewater or operation parameters of the WWTP studied. Moreover, linear regression was applied to seek for the correlation between influent and effluent toxicity. Both basic statistical analysis and correlation analysis were made with the use of MS Excel. The confidence level of 95 % was each time assumed. Results (from Figs. 3, 4, 5 and 6) were presented as mean values with the standard deviations.
Additionally, one-way analysis of variance (ANOVA) was applied to evaluate whether the degrees of inhibition in the validation study were equal. The null hypothesis was that they were equal. The confidence level of 95 % was assumed, too. ANOVA implemented in MS Excel (Analysis ToolPak) software was used.
Results and discussion
Validation study
In the validation study, the toxicity of raw wastewater from the WWTP Zgierz towards mixed culture (activated sludge microorganisms) and pure culture (E. coli) was tested. It was also made for phenol solutions (Fig. 2) . The results of these tests are presented in Figs. 3 and 4 , respectively. The curves illustrating the changes of the degree of inhibition dependent on wastewater dilution or phenol concentration had the same shape for both types of biomass (mixed and pure culture) used. The values of the degree of inhibition determined for activated sludge and E. coli were often close to each other. Taking the fact that the ranges of standard deviations calculated for the degree of inhibition towards mixed and pure culture covered themselves into account, it could be claimed there was no statistically significant difference between them. It concerned the values of the degree of inhibition estimated for phenol and for more diluted wastewater (wastewater Fig. 2 Experimental scheme for the wastewater toxicity study Fig. 3 Wastewater toxicity of towards activated sludge microorganisms and Escherichia coli Fig. 4 Toxicity of phenol towards activated sludge and Escherichia coli contribution up to 0.5 v/v). The exceptions were undiluted or slightly diluted (wastewater contribution 0.75 v/v) raw wastewater (Fig. 3) , when the discrepancy between the degree of inhibition for activated sludge and the one for E. coli reached even 200 %. The most probable reason was the material tested, i.e. wastewater, which was the complicated matrix of compounds. In the tests with phenol, such discrepancies between the degrees of inhibition calculated in the tests towards Fig. 5 Variations of toxicity of raw and treated wastewater during the short-term campaigns Fig. 6 Variations of the decrease of wastewater toxicity during the long-term campaign activated sludge and E. coli were not observed (Fig. 4) . The results of one-way ANOVA test confirmed that there was no sufficient evidence to reject the null hypothesis that the group means were equal (P value >α, where α = 0.05) with regard to both experiments, i.e. the tests with phenol (P value = 0.334) and the tests with wastewater (P value = 0.673). The reproducibility of ToxTrak™ tests, calculated as the relative standard deviation (RSD), varied from 9.3 to 52.6%. The lowest values up to 24.2% were found in the tests, in which toxicity of phenol towards E. coli was measured. They were in agreement with the results obtained by Hernando et al. (2005) , where RSD was in the range from 5 to 22.3% in the toxicity tests with the use of Vibrio fisheri, Selenastrum capricornotum and D. magna. The application of activated sludge biomass in place of E. coli in the experiments with phenol caused to the decrease of reproducibility of the ToxTrak™ test (higher RSD up to 39%). It was the most probable associated with the biodiversity of activated sludge biomass used in the tests. Nevertheless, the application of ToxTrak™ test using indigenous biomass in a WWTP can help to recognise the impact of influent on the biomass, which is responsible for the microbiological removal of pollutants from wastewater. As a result, the operators can avoid disturbances in functioning of the biological part of a WWTP.
In ToxTrak™ tests, the indigenous biomass as well as pure culture can be used as the inoculum. The comparison of these two types of inocula made here showed that activated sludge microorganisms were more sensitive than E. coli, irrespective of the tested material (wastewater or phenol solution) (Figs. 3  and 4) . The agreement between these results confirmed the correctness of the laboratory work performed. The inhibition concentration IC50-45 min estimated for phenol was 49.3 mg l −1 towards activated sludge biomass and 373 mg l Lower value of IC50-45 min determined in the tests with the use of indigenous biomass compared to these with E. coli indicated on the higher resistance of E. coli towards tested materials (wastewater or phenol solution). Vasquez and Fatta-Kassinos (2013) found that wastewater samples were less toxic to V. fischeri than Pseudokirchneriella subcapitata or D. magna. But it must be remembered that activated sludge is a mixture of organisms consisting mainly of bacteria and protozoa and its sensitivity may vary to a higher extent than it may in the case of pure cultures.
Basically, the organisms used in the toxicity tests should be sensitive to a variety of chemicals (U.S. EPA 2002). Thus, activated sludge organisms were selected as the inoculum for the further tests made within the monitoring study. The second reason of this choice was the fact that these organisms were exposed to raw wastewater in the biological step of the WWTP and the results of toxicity tests allowed for the prediction, whether the influent could exert any effect on biological treatment processes. As a result, the relationships between toxicity of raw wastewater and the efficiency in removal of C, N and P from wastewater could be found.
Monitoring study
The toxicity of raw wastewater expressed as the degree of inhibition varied significantly from 10.2 to 59.8%, whereas for the treated ones from 3.3 to 35.6%. Such variability of results concerned also other measures as COD or BOD 5 and is typical for wastewater being the mixture of various compounds. What is more, the composition of this mixture varied in time. The variations in wastewater toxicity were observed in the long-as well as in the short-term campaigns. Yi et al. (2009) and Vasquez and Fatta-Kassinos (2013) found the great changes in the toxicity of wastewater in the monitoring study of the WWTPs, too. Furthermore, Vasquez and FattaKassinos (2013) observed significant variations of toxicity dependent on the season and the species tested.
In this work, variations of wastewater toxicity in respect to the season were also apparent. The results of the short-term campaigns revealed that raw wastewater were more toxic in winter than in summer (Fig. 5) . The mean value of DI in the whole winter campaign was equal to 38.9 %, while in the summer one, it was 22.4 %. The reason was the most probably connected with the activity of small businesses including factories, from which wastewater was delivered by sewer system to the studied WWTP. Their activity was higher in January in comparison to the end of June and July, when many of them reduced or even stopped their manufacturing due to the holidays. It was confirmed by the contribution of industrial wastewater in the influent, which was at the level of 12 % in the winter campaign and 7 % in the summer one. Ra et al. (2007) observed higher toxicity of municipal wastewater in winter than in summer, too. At the same time, Vasquez and FattaKassinos (2013) found the opposite relation. According to their work, municipal wastewater toxicity was higher in summer than in winter due to lower dilution of wastewater in the summer period. However, it should be added that in the study performed by Vasquez and Fatta-Kassinos (2013) , four samples per year were taken, whereas in this work, each shortterm campaign comprised seven samples. It makes the results presented here more reliable with regard to the seasonal variations of toxicity in the WWTP Zgierz.
Irrespective of the sampling date, the toxicity of the influent was higher than the toxicity of the effluent (Fig. 5) . It indicated that the biological treatment system reduced wastewater toxicity. However, in some cases, the difference between the toxicity of raw and treated wastewater was relatively small. The decrease of toxicity in the WWTP studied varied widely from 5.8 to 76.6% (Fig. 6 ). There were several possible reasons of the variability of these results. The most probable was the composition of raw wastewater and operational parameters of the activated sludge system. Yi et al. (2009) also observed the decrease of wastewater toxicity after biological step and secondary clarifier; however, after Fenton process, the toxicity increased again. There was no correlation between the decrease of toxicity and the biodegradability of the influent expressed as BOD 5 /COD (R 2 below 0.200). Also, such operational parameters as sludge loading rate, sludge age or temperature in the bioreactor did not have any unequivocal effect on the decrease of wastewater toxicity (R 2 below 0.200). Thus, it is difficult to say, which operational conditions favour the decrease of wastewater toxicity.
At the same time, the correlation between the toxicity of the influent and effluent was found. The coefficient of determination (R 2 ) was equal to 0.772 (Fig. 7) . Generally, the higher inlet toxicity is, the higher toxicity of the effluent can be expected.
Additionally, it was checked whether the toxicity of influent was correlated with physicochemical indicators of raw wastewater or degree of removal of organic compounds (COD), nitrogen or phosphorus. The values of Pearson's coefficient and R-squared are presented in Table 2 . Unfortunately, the obtained results did not allow for the statement that the toxicity of raw wastewater was correlated with any of physicochemical indicator or biodegradability. The values of R-squared were usually below 0.200 (Pearson's coefficients below 0.400). According to Postma et al. (2002) ammonium and conductivity were considered as "confounding factors" that may interfere with the biological effects of micropollutants removal. It was found elsewhere that the conductivity of raw wastewater was correlated with the toxicity to D. magna (Vasquez and Fatta-Kassinos 2013) . Therefore, the correlations between toxicity and these two parameters were checked carefully. Only a weak correlation was found between the conductivity and toxicity of raw wastewater in the Fig. 7 Correlation between toxicity of influent and effluent summer campaign (R 2 = 0.521) ( Table 2) . At the same time in winter and long-term campaigns, such correlation was not observed (R 2 below 0.100) ( Table 2) . Toxicity of raw wastewater, if it was in the measured range (DI from 10.2 to 59.8 %), did not interfere with the efficiency of organic carbon (COD), nitrogen and phosphorus removal. As written earlier, the levels of carbon, nitrogen and phosphorus removal from wastewater required by Polish legislation were achieved in the WWTP studied in each measurement campaign.
What is more, no strong linear correlation between toxicity of raw wastewater and degree of removal of COD, N tot and P tot was found. The values of R-squared and Pearson's coefficients were from 1.29 · 10 −3 to 0.206 and from −0.403 to 0.454, respectively (Table 2) . A weak or moderate positive correlation was found between toxicity of wastewater and phosphorus removal (Table 2) . A weak negative correlation was observed between toxicity of wastewater and nitrogen removal too but it concerned the winter campaign only (Table 2) . Although the toxicity of effluent was always lower than that of influent, it did not mean that the treated wastewater was environment friendly. According to the classification of wastewater toxicity based upon the acute toxicity proposed by Persoone et al. (2003) , the effluent was toxic (class III) or highly toxic (class IV). Out of 25 samples of the treated wastewater, two belonged to class III and 23 samples were ranked as class IV. The results of toxicity tests performed to V. fischeri indicated that the effluent of the WWTP tested by Vasquez and Fatta-Kassinos (2013) was usually classified as class III or IV, i.e. similarly as in this work. Toxic properties of the treated wastewater meant that its introduction to water bodies could adversely affect the organisms living there as well as functioning of the whole ecosystem. Furthermore, it may have the influence on public health. In order to decrease the risk of water toxicity and to protect water environment, the additional treatment after biological step should be implemented in wastewater treatment plants, particularly in the countries facing water scarcity problems.
Conclusions
The validation study revealed the usefulness of Toxtrak™ test in the measurement of wastewater toxicity. Both indigenous biomass from wastewater treatment plants and E. coli can be successfully applied in the measurement of wastewater toxicity. Indigenous biomass was more sensitive than E. coli for both materials (wastewater and phenol solution) tested. The values of the degree of inhibition determined for phenol solutions towards activated sludge microorganisms and E. coli were close to each other and no statistically significant difference between them was found. It confirmed the reliability of the results obtained with the help of Toxtrak™ test.
The toxicity of wastewater in the short-as well as longterm campaigns varied widely. In respect to the season, lower toxicity of raw wastewater was observed in summer than in winter. The toxicity of the effluent was always lower in comparison to the influent. The linear correlation between the toxicity of the influent and effluent was found. At the same time, any strong linear correlation between the toxicity of raw wastewater and physicochemical parameters (pH, COD, ammonium nitrogen, total nitrogen, total phosphorus) or biodegradability (BOD 5 /COD) was not observed. Despite the fact that the WWTP effluents obeyed all regulations in Poland with respect to the physicochemical properties, they were not biologically safe. They were ranked as toxic or highly toxic according to one of the classifications of wastewater based upon the acute toxicity.
This work confirms that apart from traditional, physicochemical measures of wastewater composition, also, biological toxicity-based monitoring is necessary in order to make the effluent safer to the aquatic environment.
